Temperature dependence of chemical potential was determined for n-type Bi 2 Se 3 and p-type Bi 2 Te 3 thermoelectric materials by means of angle resolved photoemission spectroscopy, and the determined chemical potential was compared with the measured thermoelectric power. We found that the temperature dependence of chemical potential is significantly large for the present materials and the large thermoelectric power is mainly caused by the chemical potential effect. This fact strongly indicates that the temperature dependence of chemical potential has to be properly understood to construct a guiding principle for developing new, practical thermoelectric materials.
Introduction
Thermoelectric materials have attracted considerable interest because a huge amount of wasted-heats can be partially but effectively recycled by thermoelectric generators in which thermoelectric materials are used as a main component. The serious problems about both the running out of fossil fuels and global warming would be also significantly relaxed by use of the thermoelectric generator. However, the poor efficiency of energy conversion and the high-costs have prevented us from widely utilizing the thermoelectric generators in variety of practical usages.
The efficiency of energy conversion of thermoelectric generator is a function of the dimensionless figure of merit, ZT ¼ S 2 T=, that is determined from the thermoelectric properties of the constituent material. Here S, , and indicate thermoelectric power (Seebeck coefficient), electrical conductivity, and thermal conductivity, respectively. Since monotonically increases with increasing ZT, the development of a material possessing a large magnitude of ZT is of great importance to stimulate the wider use of thermoelectric generators. It would be natural to consider that the proper understanding on these three thermoelectric properties, S, , and , should allow us to develop such thermoelectric materials possessing a large magnitude of ZT.
One may easily realize that thermoelectric power S is the most important one among the three thermoelectric properties to increase the magnitude of ZT, because ZT is proportional to the square of S while it is linearly proportional to and À1 . We should also emphasize here that one of the main factor to increase the magnitude of S is the temperature dependence of chemical potential, but its effects on thermoelectric power have not been quantitatively investigated yet. This rather poor circumstance is clearly understood by knowing the facts that the temperature dependence of thermoelectric power is quantitatively accounted for without considering the temperature dependence of chemical potential for many materials, [1] [2] [3] [4] [5] [6] [7] [8] while the extremely large thermoelectric power observable in some semiconductors 9, 10) is attributed to the temperature dependence of chemical potential. It is also very interesting to note that the large thermoelectric power of some highly correlated materials is often accounted for in terms of the relation between the chemical potential and the configuration entropy of localized electrons. [11] [12] [13] In this paper, therefore, we investigated the relation between temperature dependent chemical potential and thermoelectric power by using the high-resolution angle resolved photoemission spectroscopy (ARPES) and the linear response theory for typical thermoelectric materials: Bi 2 Te 3 and Bi 2 Se 3 . The former possesses the p-type behavior and the large magnitude of thermoelectric power S ¼ 250 mV/K at 300 K, while the latter is assigned to n-type material possessing À70 mV/K at 300 K. By comparing the temperature dependent chemical potential with the measured thermoelectric power, we will discuss the role of chemical potential on the thermoelectric power in detail.
Experimental Procedure
The mother ingots of Bi 2 Te 3 and Bi 2 Se 3 were prepared by melting the pure elements in the quartz tube at 900 K and 1000 K for 24 h, respectively. The ingots were melted again and the single crystals were grown from the molten alloy by means of the vertical Bridgeman-method, in which the quartz tube of sample was slowly moved down in the furnace with the speed of 1 cm per day. At the growth of single crystal, the center of the furnace was kept at 873 K for Bi 2 Te 3 and 993 K for Bi 2 Se 3 .
The orientation of the single crystals was determined by taking the conventional Laue pictures. Typical examples of the Laue pictures taken for the present samples were shown in Figs. 1(a) and (b) for Bi 2 Te 3 and 993 K, respectively. The thermoelectric power was measured by using our originally assembled probe set in the Physical Properties Measurement System (PPMS) developed by Quantum Design, inc. over a wide temperature range from 10 K up to 300 K.
The high-resolution angle resolved photoemission spectroscopy (ARPES) was performed at the U-NIM beam-line in the Synchrotron Radiation Center, which is operated by the University of Wisconsin at Madison. We employed 22 eV photon source and VG-Scienta R4000 hemispherical analyzer to measure the ARPES spectra. The temperature of sample was controlled within the accuracy of AE1 K in the range of 20 K T 200 K. The total energy resolution of the present ARPES measurement was $16 meV, which was determined by the energy width corresponding to the intensity reduction from 90% to 10% of the reference gold at the chemical potential. The clean surface was prepared just before each measurement by cleaving the sample in the ultra high vacuum condition better than 1:3 Â 10 À8 Pa. The crystal structure of the Bi 2 Te 3 and Bi 2 Se 3 (Peason symbol: hR5, Space Group: R-3m) is shown in Fig. 2 . In the crystal structure, one may easily find the presence of twodimensional triangular lattices stacking three-dimensionally along the c-axis at three different positions in the sequence of ABC. Each two-dimensional triangular lattice is occupied alternatively by Bi and (Te/Se) in the sequence of (Te/Se), Bi, (Te/Se), (Te/Se), Bi. As a consequence, the unit cell consists of the 15 (= 3 positions Â 5 atoms) planes. Since the doubly stacked (Te/Se)-layers are bonded by the van der Waals force, Te atoms and Se atoms always stay at the top layer of the cleavage plane of Bi 2 Te 3 and Bi 2 Se 3 , respectively.
Results
The thermoelectric power measured for Bi 2 Te 3 and Bi 2 Se 3 was plotted in Fig. 3 as a function of temperature. Both samples possess a large absolute value of thermoelectric power, but the sign of the thermoelectric power is different from each other. Bi 2 Te 3 possesses a positive sign of thermoelectric power and is considered as a p-type material, while the thermoelectric power of Bi 2 Se 3 is negative as that of n-type materials.
Figures 4(a)-(d) shows typical example of ARPES intensity Iðk; "Þ images measured for the present samples at several different temperatures. The energy-momentum dispersion is clearly observable in each ARPES image. This experimentally revealed fact indicates that the quality of samples is extremely good, and also that the electronic states in these samples are well described with the Bloch states k. This well-defined Bloch states k should be responsible for the metallic electrical conduction of these samples.
By carefully observing the ARPES spectra, we realized that a single band is crossing the chemical potential in both samples. This band, that is widely known as the Dirac-cone produced by the surface, 14) is characterized both by the large group velocity and the V-shape in energy momentum dispersion. Besides, some of the bulk bands are also observable. The p-type Bi 2 Te 3 sample shows the valence band of bulk at the kinetic energy range below 17.9 eV, while the n-type Bi 2 Se 3 possesses the valence band of bulk below 17.7 eV. The conduction band of the bulk is also observable only in the Bi 2 Se 3 near the chemical potential, while it is absent from the ARPES images of Bi 2 Te 3 because the bulk conduction band stays at energies much higher than the chemical potential. These differences in the observed electronic structure are simply accounted for with the difference in electron concentration: the larger electron concentration in the n-type Bi 2 Se 3 than that in the p-type Bi 2 Te 3 moves the whole band of Bi 2 Se 3 toward the higher binding energy.
The energy shift of ARPES spectra with varying temperature is clearly observable both for p-type Bi 2 Te 3 and n-type Bi 2 Se 3 . This shift in ARPES spectra must be attributed to the temperature dependence of chemical potential. The chemical potential of p-type materials generally moves toward higher energy with increasing temperature, while that of n-type materials towards lower energy. The photoemission spectrum at given temperature are supposed to move towards the opposite energy direction of the chemical potential shift of samples, because the chemical potential observed in the photoemission spectra is pinned at the chemical potential of apparatus and the chemical potential of apparatus is kept constant regardless of the sample temperature. Indeed the ARPES spectrum of the n-type Bi 2 Se 3 , in which the chemical potential is expected to move towards lower energy with increasing temperature, was moved towards higher energy. The ARPES spectra of the p-type Bi 2 Te 3 , on the other hand, were moved towards lower energy with increasing temperature. It is, therefore, confidently argued that we succeed in clearly observing the chemical potential shift using the highresolution ARPES measurements. In order to quantitatively extract the temperature dependence of chemical potential from the measured ARPES spectra, the energy-momentum ("-k) dispersion of the Dirac-cone was plotted in Figs. 5(a) and (b) for the p-type Bi 2 Te 3 and n-type Bi 2 Se 3 , respectively. The momentum k of the eigenstates " was determined by taking the peak momentum in each momentum distribution curve (MDC's, IðkÞ) cut from the ARPES intensity map Iðk; "Þ a given energy ". The deduced value of chemical potential shift was extremely large. This fact suggests that the effect of temperature dependence of chemical potential on thermoelectric power would not be trivial but rather strong at least for the present materials.
Discussion
In this section, we discuss the effect of chemical potential shift on thermoelectric power by using the linear response theory. Although almost of all the equations described in this 
section were already reported elsewhere, 1, [3] [4] [5] [6] [7] [8] [15] [16] [17] [18] we decided to show them in this paper because these equations are very helpful for the readers to understand our arguments.
The linear response theory suggests that thermoelectric power is expressed by using the following equation.
Equation (1) is generally used to calculate the thermoelectric power of various materials including metals, semiconductors, and insulators. 15) The chemical potential is involved in the numerator of eq. (1) and also in the Fermi-Dirac distribution function as f FD ð"; TÞ ¼ 1=ð1 þ expðð" À Þ=ðk B TÞÞÞ, where k B represents the Boltzmann constant. It is, therefore, confidently argued that the thermoelectric power S is closely related to the chemical potential .
Equation (1) is simply transformed into eq. (2) without introducing any hypothetical assumptions.
The second term of eq. (2) unambiguously represents the contribution of temperature dependence of chemical potential to thermoelectric power. This fact is easily understood by knowing that the chemical potential coincides with the Fermi energy " F at the absolute zero. The contribution of chemical potential to thermoelectric power can be estimated from the second term of eq. (2) . One has to keep in mind, however, that the temperature dependent chemical potential still remains in the first term at the Fermi-Dirac distribution function, though its contribution on thermoelectric power is supposed to be weaker than that in the second term. 16) In order to roughly clarify the contribution of second term S 2 ðTÞ to the total thermoelectric power SðTÞ, we assume here that the density of states is linearly varying with energy as Nð"Þ ' NðÞ þ ð" À Þ½dNð"Þ=d" "¼ about the chemical potential . This assumption is often used in the Sommerfeld theory to estimate the electron specific heat and the chemical potential of metals. 17) By additionally using the assumption of ½dNð"Þ=d" "¼ ' ½dNð"Þ=d" "¼" F , we obtained the following formula that represents S 2 ðTÞ.
Equation (3) indicates that the temperature dependence of chemical potential increases the thermoelectric power with directly proportional to the absolute temperature, provided that the density of states near the chemical potential is well approximated with a linear function of energy. Let us now consider the relation between electronic density of states and thermoelectric power. If we assume the spectral conductivity linearly varying with energy as ð"; TÞ ' ð; TÞ þ ð" À Þ½@ð"; TÞ=@" "¼ , we obtain the well-known Mott formula representing the thermoelectric power of metallic materials.
15)
The Boltzmann transport equation for the isotopic structure represents the following spectral conductivity. For the typical metallic alloys, it is natural to assume the energy independent group velocity v G ð"Þ ' v G and the energy independent relaxation time ð"; TÞ ' ðTÞ in the very narrow energy range of a few k B T about the chemical potential, where the electrons contribute to the transport properties. By simultaneously using the assumption of ½dNð"Þ=d" "¼ ' ½dNð"Þ=d" "¼" F , we obtain the following formula representing the thermoelectric power.
Note here that the eq. (6) is almost the same with eq. (3) except for the number, 3 or 6, in the denominator. The rough estimations about SðTÞ and S 2 ðTÞ allow us to know that the latter is surprisingly large to become a half of the total thermoelectric power SðTÞ even for typical metallic materials, for which the Mott formula and the Sommerfeld theory are applicable. Now we are ready to quantitatively estimate the magnitude of S 2 ðTÞ from the experimentally determined chemical potential. By considering that the thermoelectric power of the samples shows the behavior almost directly proportional to the absolute temperature as it is predicted by the Mott formula (eq. (4)), we assume here that the S 2 ðTÞ of present samples also linearly increases with increasing temperature as that in eq. (3) . Under this assumption, the second term of eq. (2) is transformed into
We quantitatively calculate the S 2 ðTÞ of the present samples using eq. . This fact is definitely consistent with the theoretical prediction described above. For the Bi 2 Se 3 , on the other hand, the S 2 ð150 KÞ ¼ À105 mV/K estimated from the chemical potential shift of À14 meV from 50 K to 150 K is definitely larger than the magnitude of measured thermoelectric power Sð150 KÞ ¼ À50 mV/K. This fact is surprising because the total magnitude of thermoelectric power SðTÞ in eq. (6) was expected to be larger than S 2 ðTÞ in eq. (3).
In order to account for the unusual contribution of S 2 ðTÞ on the thermoelectric power of Bi 2 Se 3 , we consider the effect of nontrivial, unusual energy dependence of both electronic density of states and spectral conductivity. From the theoretical formulation described above, the magnitude of S 2 ðTÞ was found to possess a half magnitude of total SðTÞ, but this is true only when both the spectral conductivity ð"; TÞ and the electronic density of states Nð"Þ are linearly varying with energy in the narrow energy range of a few k B T about the chemical potential. This situation is expressed, in other words, that if ð"; TÞ or Nð"Þ is not well approximated with a linear function of energy, the relation of S 2 ðTÞ ' 0:5SðTÞ would not be obtained. The present sample is characterized by the rather unusual, fine electronic structure consisting of the Dirac-cone and the two bulk bands in the vicinity of " F . We should, therefore, consider the temperature dependence of chemical potential and thermoelectric power in terms of the nontrivial energy dependence both of electronic density of states and spectral conductivity.
The large shift of chemical potential with varying temperature is generally caused by the difference of averaged electronic density of states, Nð"Þ, at " À " F $ k B T and that " À " F $ Àk B T. This condition is definitely satisfied for the present samples by the simultaneous possession of the surface band (Dirac cone) crossing " F and the bulk bands staying slightly apart from " F . The contribution of surface band and that of the bulk band is presumably sustained in the spectral conductivity, but that of the bulk would be relatively reduced in spectral conductivity due to the smaller group velocity and the smaller relaxation time, both of which were confirmed in the measured ARPES spectra.
We should note here that the electronic structure of the Bi 2 Se 3 is different from that of Bi 2 Te 3 in the point that both valence band and conduction band of bulk are capable of affecting the chemical potential and thermoelectric power, while the smaller electron concentration of Bi 2 Te 3 moves the conduction band of bulk towards far above the chemical potential and consequently prevents the conduction band of bulk from affecting the electronic properties. This difference must be responsible for the difference in relation between SðTÞ and S 2 ðTÞ. In order to prove the validity of this scenario, we calculated thermoelectric power using a simple model representing the characteristics of the density of states and the spectral conductivity of Bi 2 Se 3 .
We used the model of electronic density of states and spectral conductivity consisting of two bulk bands and the surface band. Since the detailed shape of the bulk band is not of crucially importance because it stays apart from the chemical potential, we tentatively used two tight-bindingbands of three-dimensional cubic lattice as the substitute of real bulk bands. Two of the bulk bands of 500 meV in full energy-width were separated by 650 meV so as the lowestenergy edge of the conduction band to stay 150 meV above the highest-energy edge of the valence band. The lowestenergy edge of the surface band was located at the highestenergy edge of the conduction band. The two-dimensional Dirac cone provides us with the density of states linearly increases with increasing energy. The density of states from the surface is supposed to be very small but its magnitude cannot be simply estimated because we do not have information about the depth of the surface states. By considering that the chemical potential and the thermoelectric power are not determined by the absolute value of spectral conductivity nor that of the electronic density of states but by their energy dependence, 16) we did not determined the absolute value of electronic density of states, but tentatively made the intensity of surface band in electronic density of states to be 1/500 of the conduction band at the center of the bulk conduction band. We also placed the Fermi energy " F at the lowest-energy edge of the bulk conduction band as it was observed in the present ARPES spectra for Bi 2 Te 3 .
Under the assumption of energy independent relaxation time, the spectral conductivity is calculated both from the three-dimensional tight-binding bands and the surface band by taking the energy dependence of group velocity into account. Since the larger group velocity and the longer lifetime of the surface states were confirmed in the ARPES measurement, the intensity of the spectral conductivity from the surface band is tentatively increased into 1/10 of the bulk conduction band at the peak energy. The electronic density of states and spectral conductivity thus determined are plotted in Figs. 6(a) and (b), and those spectra near " F are magnified in Figs. 6(c) and (d) , respectively.
The calculated temperature dependence of both chemical potential and thermoelectric power is shown in Figs. 6(e) and (f). The detailed information about the calculation procedure was reported in our previous paper. 18) At the low temperatures below 100 K, where the chemical potential shift from " F is kept small, the total magnitude of SðTÞ exceeds the magnitude of S 2 ðTÞ as it is expected for the ordinary materials. Nevertheless, the magnitude of S 2 ðTÞ becomes larger than that of SðTÞ at high temperatures above 100 K. This fact certainly represents the experimental data obtained for the present Bi 2 Te 3 . We confirmed, as a result of the present simulation, that the experimentally determined, unusual effect of chemical potential on thermoelectric power observed for Bi 2 Se 3 was qualitatively reproduced from the model of electronic structure in which the characteristics of the electronic structure are well reflected.
It is stressed before closing discussion that the proper understand on the relation between chemical potential and thermoelectric power must be necessary for increasing magnitude of thermoelectric power and developing new, practical thermoelectric materials of high performance.
Conclusion
In order to understand the effect of chemical potential on thermoelectric power, we measured high-resolution angle Energy, ε μ / eV Fig. 6 The models of (a) electronic density of states and (b) spectral conductivity that represent the characteristics of those for the present Bi 2 Se 3 . The electronic density of states and the spectral conductivity near the Fermi level are magnified in (c) and (d), respectively. The temperature dependence of chemical potential and thermoelectric power was plotted in (e) and (f), respectively. The first term S 1 ðTÞ and second term S 2 ðTÞ of eq. (2) were also plotted in (f). The experimentally obtained condition of S 2 ðTÞ > SðTÞ is reproduced by the calculation at the temperatures above 100 K.
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A. Yamamoto, K. Ogawa and T. Takeuchi resolved photoemission spectra for the typical thermoelectric materials: p-type Bi 2 Te 3 and n-type Bi 2 Se 3 . We revealed that the temperature dependence of chemical potential was extremely large in both materials and its contribution to the thermoelectric power was more than half of the total magnitude. We conclude, as a result of this study, that when one intends to construct the guiding principle to produce the thermoelectric materials, one should properly understand the effect of chemical potential on thermoelectric power.
